Zeolitic imidazolate frameworks (ZIF) are attracting considerable attention for their applications in adsorbents/separation as well as catalysis. In this article, we proposed a simple strategy to fabricate semiconductor-ZIF core-shell nanocomposites, which exhibited remarkable coherent function for adsorption and photocatalytic degradation of organic pollutants. The current nanocomposites were composed of ZnO/CdS and ZIF-8, where spindle-like ZnO nanoparticles not only acted as the seeding material but also worked as the Zn 2+ source for the formation of ZIF-8. The as-prepared ZnO/CdS@ZIF-8 core-shell nanocomposites displayed distinct photocatalytic activity for methylene blue (MB) and rhodamine B (RhB) owing to the unique pore structure and thus absorption effect of the ZIF-8 shell. To this end, the ZnO/CdS@ZIF-8 core-shell nanocomposites could find important applications in photocatalytic degradation of pollutants.
Introduction
Semiconductor-enabled photocatalytic degradation has been widely utilized as an effective approach to remove organic pollutants in waste water and effluents. Among those semiconductors, ZnO has been regarded as a promising candidate owing to its nontoxic and inexpensive characteristics, high thermal and chemical stability, and good electrical and optical properties. [1] [2] [3] [4] [5] [6] [7] However, the efficiency of photocurrent conversion of pristine ZnO is still limited because of the relatively optical band gap (ca. 3.37 eV) and high recombination rate of photogenerated electron-hole pairs.
8 To overcome these limitations, it has been expected that the introduction of a secondary semiconductor, including TiO 2 , 9 CuO, 10 CdS, 11 CdSe, 12 among others, to form a ZnO-based hybrid semiconductor heterojunction can improve the photocatalytic activity of ZnO photocatalysts. 13 Take CdS as an example. CdS nanoparticles (NPs), an important II-IV semiconductor with a narrow but direct band gap (2.3 eV), which is effective for capturing visible light, have been intensively studied as popular visible light-active materials for photocatalysts [14] [15] [16] [17] and photoelectrochemical sensors. 18, 19 The problem of a high recombination rate of photogenerated electrons and holes of pure CdS NPs can be overcome by coupling CdS NPs with ZnO. When CdS NPs were anchored on the surface of ZnO, the photogenerated charge carriers could be effectively separated and transferred by a strong interfacial electric eld owing to the well-matched overlapping band-structures. 20 So far, ZnO/CdS NPs have been explored as efficient visible-light photocatalysts for pollutant degradation and hydrogen production.
21-24
Despite the success achieved in these demonstrations, it still remains a technical challenge to further improve the catalytic performance of ZnO/CdS. One possible solution would be the combination of ZnO/CdS with other functional materials to expect a synergetic effect. Recently, zeolitic imidazolate frameworks (ZIF) has attracted enormous research attention. 25 It has been known as a subclass of metal-organic frameworks, are crystalline tridimensional networks with well-dened porous structures consisting of metal ions or metal clusters bridged tetrahedral. 26 Compared with conventional inorganic porous materials, ZIF possess larger porosity and specic surface areas, and especially their pore size and surface functionality can be easily tuned upon selection of different metal ions and organic bridging ligands. 27 Consequently, much attention has been paid to potential applications of ZIF in sensors, catalysis, gas separation, and storage, where ZIF display strong molecule-sizeselective ability due to the effect of the pore sizes.
28,29
In the current work, we describe the fabrication of ZnO/ CdS@ZIF-8 core-shell nanocomposites to enhance the intrinsic catalytic performance of ZnO/CdS semiconductor heterojunction. 30, 31 The synthesis was conducted using CdS NPs-anchored spindle-like ZnO NPs as seeds to direct the heterogeneous growth of ZIF-8 and thus the formation of ZIF-8 shell. The synthetic strategy has three following advantages: (1) ZnO/CdS seeds could serve as nucleation location for heterogeneous nucleation, which thus effectively eliminate the homogeneous nucleation and growth of ZIF materials that normally unavoided in the synthesis of ZIF-based core-shell product; 32, 33 (2) ZnO in the seeds could provide Zn 2+ during the formation of ZIF-8 and thus no more Zn precursor needs to be added in the growth step; 34,35 (3) unlike previous report using ZnO nanowire array as the starting material to fabricate semiconductor@ZIF core-shell structure, 36,37 the current work employs free-standing spindle-like ZnO/CdS NPs as seeds, which makes the catalyst much easier to suspend in the reaction system and interact with reactants. A set of characterizations, including SEM, TEM, EDS, XRD, and XPS were performed to study their size, shape, structure, and composition. Interestingly, the as-prepared ZnO/CdS@ZIF-8 exhibited excellent photocatalytic efficiency in degradation of methylene blue (MB) and rhodamine B (RhB) as model organic pollutants due to the synergetic function of semiconductor heterojunction and ZIF material. ) . All other reagents were used as received without further purication. All aqueous solutions were prepared with deionized water (resistivity > 18 MU cm) produced using a Millipore system.
Experimental section

Reagents and apparatus
Synthesis of spindle-like ZnO and ZnO/CdS NPs
In a typical synthesis of spindle-like ZnO NPs, 20 mL of Zn(NO 3 ) 2 $6H 2 O aqueous solution (5 mM) and 20 mL of NH 4 F aqueous solution (20 mM) were mixed, followed by the dropwise addition of 10 mL of NaOH aqueous solution (20 mM) under stirring. A white precipitate was formed immediately and then partially dissolved upon further addition of NaOH. The solution became translucent and then turbid for 10 h under constant stirring at 50 C. A white precipitate was collected by centrifugation and subsequently washed with ultrapure water and ethanol for several times, and nally dried at in an oven 60 C in air overnight. For the synthesis of ZnO/CdS NPs, 40 mg of the as-prepared spindle-like ZnO NPs was dispersed in 10 mL of ultrapure water containing 0.01 M of Cd(NO 3 ) 2 $4H 2 O and 0.01 M of thiourea under stirring. Aer the reaction was allowed to continue for 0.5 h, the orange ZnO/CdS product was obtained. The color change from white to orange suggested the successful formation and decoration of CdS NPs on the ZnO microspheres. The product was collected by centrifugation and washed with water for several times to remove dissolvable ionic impurities. The collected sample was dried in an oven at 80
C in air for 6 h.
Preparation of ZnO/CdS@ZIF-8 core-shell nanocomposites
Typically, 50 mg of as-synthesized ZnO/CdS was introduced into 13.5 mL of 2-methylimidazole methanol solution (0.2 M). Then, the mixture was reacted at room temperature under stirring for 6 h. Aer centrifugation and washing with ethanol for three times, the products were dried in an oven at 60 C overnight.
Photocatalytic degradation strategy
Photocatalytic performances were evaluated by photoreduction of RhB and MB in a single-component solution. The degradation experiments were carried out in open air and at room temperature. Typically, 10 mg of ZnO/CdS@ZIF-8 catalyst was added into 100 mL of RhB or MB solution with a concentration of 8 mg L À1 .
Prior to irradiation, the suspension was magnetically stirred in the dark for 60 min to reach adsorption equilibrium. During the photocatalysis, Xe lamp was used for visible light irradiation to the stirred suspension. Aliquots of sample (3 mL) were extracted at regular intervals for analysis. For comparison, ZnO/CdS nanocomposites were used as the control group. Every point in the photocatalytic curve was done twice to obtain average values. For each recycling test, the photocatalyst ZnO/CdS@ZIF-8 was collected by simple centrifugation and washed with deionized water for three times and dried. The concentrations of RhB and MB were measured using absorbance at 552 nm and 663 nm, respectively, in the UV-vis spectra according to BeerLambert law.
Characterization
The morphology and the size of the nanomaterials were collected on JSM-6700F electron microscope (SEM) equipped with an X-ray energy dispersive spectrometer (EDS) and a highresolution transmission electron microscopy (HRTEM). The crystallinity and phase of the products were determined by an Xray diffraction (XRD) MiniFlex600 (Rigaku Co. Japan) diffractometer. UV-vis extinction spectra were performed on a Varian Cary-300 bio UV/vis spectrophotometer (USA). X-ray photoelectron spectroscopy (XPS) was conducted onan ESCALAB 250Xi spectrometer (Thermo Fisher, USA). Aer pretreatment, nitrogen adsorption and desorption isothermal were measured at 77 K on a Quantachrome Instrument NOVA. A 300 W Xe lamp was used as the irradiation source with the light intensity of 300 mW cm À2 estimated by a radiometer (Ceaulight Corporation, China).
Results and discussion
3.1 Synthesis and characterization of ZnO/CdS@ZIF-8 coreshell nanocomposites
As shown in Fig. 1 , in a typical synthetic procedure, the ZnO/ CdS NPs were synthesized by mixing spindle-like ZnO NPs with precursors of Cd and S in aqueous solution via a facile synthesis. Then, the as-prepared ZnO/CdS NPs served as seeds to mix with 2-methylimidazole in methanol for 6 h at room temperature to allow the formation of ZIF-8 on the seed surface to form ZnO/CdS@ZIF-8 core-shell nanocomposites. The morphology and microstructure of the as-prepared ZnO, ZnO/ CdS, and ZnO/CdS@ZIF-8 were analyzed by SEM and TEM (Fig. 2) . As shown in Fig. 2A , the SEM image showed that the ZnO NPs were uniform spindle-like structure with an average length of 400 nm. Fig. 2B displayed an SEM image of ZnO/CdS NPs, where CdS NPs were around 20 nm in diameter and uniformly distributed on the surface of ZnO NPs. The SEM image of ZnO/CdS@ZIF-8 showed in Fig. 2C displayed rougher surfaces than that of ZnO/CdS NPs, owing to the deposition of ZIF-8 shell on the ZnO/CdS NPs. Fig. 2D displayed the TEM image of ZnO/CdS NPs, which further demonstrated that the CdS NPs were uniformly distributed on the surface of ZnO NPs and the result consistent with the SEM image showed in Fig. 2B . The TEM image showed in Fig. 2E revealed the successful synthesis of ZnO/CdS@ZIF-8 core-shell nanocomposites, which was further conrmed by HRTEM given in Fig. 2F . It can be clearly seen that the ZIF-8 with a shell thickness of 4 nm was successfully deposited on the surface of ZnO/CdS NPs. The measured spacing of the crystallographic plane was 0.335 nm, which can be corresponded to the (111) lattice plane of a quadrilateral CdS crystal. The EDS spectrum (Fig. 2G) taken from the surface of ZnO/CdS@ZIF-8 exhibited the characteristic peaks of Zn, O, Cd, and S, which conrmed the elementary composition in the nanocomposite.
To investigate the overall crystallinity and crystal structures, the synthesized spindle-like ZnO, ZnO/CdS and ZnO/CdS@ZIF-8 were further identied by XRD. Fig. 3 showed the XRD patterns of the as-prepared ZnO, ZnO/CdS and ZnO/CdS@ZIF-8 nanocomposites with different main reection peaks. For the XRD patterns of ZnO, the main reection peaks could be matched to that of wurtzite structure of ZnO (JCPDS card no. . No extra peak was detected by XRD, showing the purity of the sample. In comparison, the XRD patterns of ZnO/CdS exhibited new diffraction peaks, which can be indexed to the wurtzite CdS phase (JCPDS card no. 65-3414), conrming the presence of CdS. Aer the formation of ZIF-8 shell, the sample showed the same characteristic peaks with the simulated ZIF, in addition to those diffraction peaks assigned to ZnO/CdS. For example, the diffraction peak located at 2q ¼ 7. 3 can be assigned to the (011) plane of ZIF-8. The surface compositions and elemental analysis of ZnO/ CdS@ZIF-8 were further investigated by XPS (Fig. S1 †) . respectively. The spectrum of Cd 3d in Fig. S1C † was subdivided into two separated peaks that correspond to Cd 3d 3/2 (411.79 eV) and Cd 3d 5/2 (405.09 eV) valence states. The spectrum of S 2p at 162.24 eV showed that the CdS NPs were well synthesized (Fig. S1D †) . The binding energy at 405.44 eV in Fig. S1E † was attributable to N 1s. Additionally, the C 1s spectrum was shown in Fig. S1F , † the specic peak centered at 285.56 eV. The N 1s and C 1s peaks were attributed to the presence of ZIF-8 which was synthesized by 2-methylimidazole. Therefore, the XPS analysis conrmed the successful decoration of CdS NPs on the spindle-like ZnO NPs, and the formation of ZIF-8 shell on the surface of ZnO/CdS NPs, which was in accordance with the results of XRD analysis. The nitrogen adsorption-desorption isotherms of ZnO/CdS and ZnO/CdS@ZIF-8 were shown in Fig. S2 . † The curves for ZnO/CdS NPs (Fig. S2a †) were a type IV isotherm, 38 which shows low adsorption at low pressure and multilayer adsorption at high pressures owing to slits caused by assembly of ZnO/CdS NPs. The initial adsorption of ZnO/CdS@ZIF-8 was higher than that of ZnO/CdS (Fig. S2b †) , indicating that micropores exist in ZnO/CdS@ZIF-8 nanocomposites, 38 which can be attributed to the frameworks of ZIF-8. The multilayer adsorption at high pressure corresponds to spherical morphology of the sample, similar to that of ZnO/CdS NPs. Therefore, for ZnO/ CdS@ZIF-8, the higher adsorption ability of the ZIF shell played an important role in the improvement of the photocatalytic activity.
Photocatalytic degradation activity of ZnO/CdS@ZIF-8
To demonstrate the photocatalytic activity of the as-obtained ZnO/CdS@ZIF-8 nanocomposites for the degradation of organic pollutants, we carried out the model experiments for the photocatalytic degradation of MB and RhB under visible light irradiation, respectively. Prior to irradiation, the time period of ZnO/CdS@ZIF-8 nanocomposites for organic pollutants adsorption equilibrium was rst investigated. The aqueous suspension of MB mixed with catalyst was magnetically stirred in the dark and corresponding UV-vis spectra were recorded. As shown in Fig. 4 , the maximum absorbance of MB gradually decreased and no apparent change was observed aer 60 min, indicating the adsorption reached equilibrium aer 60 min. Therefore, adsorption time period of 60 min was chosen for the following photocatalytic degradation in this study.
The photodegradation of MB and RhB assisted by ZnO/ CdS@ZIF-8 is shown in Fig. 5 . For degradation of MB, aer 120 min of irradiation, the characteristic absorbance peak of MB located at 663 nm undergoes a fairly large decrease and became considerably insignicant (Fig. 5A) , indicating the complete consumption of MB in the system. For the RhB/ZnO/ CdS@ZIF-8 system (Fig. 5C) , the absorbance spectra of RhB showed two types of changes: one is a hypsochromic shi in the major absorbance peak; the other is a decrease in the peak intensity. The major absorbance peak of RhB shis gradually from 552 to 540 nm and the intensity decreased from 1.6 to 0.6 aer 120 min of irradiation. The nal product with the absorbance peak located at 540 nm can be identied as an incompletely N-deethylated outcome of RhB, N,N,N 0 -triethyl rhodamine (TER), as reported by Watanabe and co-workers.
39
The results indicated that the as-synthesized ZnO/CdS@ZIF-8 core-shell nanocomposites exhibited good photocatalytic degradation activity for organic pollutants. Pseudo-rst-order rate kinetics with regard to the organic pollutant concentration could be used to evaluate the catalytic rate. The apparent rate constant k of ZnO/CdS@ZIF-8 for MB and RhB degradation calculated from the ln(C t /C 0 ) vs. time plot, where C t and C 0 correspond to the concentrations of MB and RhB at time t and 0, respectively. It could be calculated by the equation of ln(C t /C 0 ) ¼ kt that the kinetic constant k values of ZnO/CdS@ZIF-8 for MB (Fig. 5B, inset) and RhB (Fig. 5D, inset) were À0.031 min À1 and À0.018 min
À1
, respectively. For comparison, the same photodegradation experiments of ZnO/ CdS for MB and RhB were carried out, the corresponding kinetic constant k values were À0.021 and À0.009 min À1 (Fig. 6 ), respectively. The higher k value means a better photocatalytic activity, revealing that the ZnO/CdS@ZIF-8 nanocomposite has a better and higher catalytic efficiency for the adsorption and degradation of organic pollutant. The experimental results indicated that the improvement of photocatalytic activity of the ZnO/CdS@ZIF-8 could be ascribed to the ZIF shell. Since catalytic degradation being dependent on Fig. 4 The effect of adsorption time for the photocatalytic degradation of MB in the presence of ZnO/CdS@ZIF-8. accessibility of ZIF, the accelerated reaction kinetics of the organic pollutant was believed to result from the ZIF adsorption capability. Due to the adsorption effect of ZIF, pollutants rapidly gathered around the catalyst, leading to a relatively fast degradation rate.
The stability and reusability of target materials are another important standard for practical application. Aer adsorption experiments, adsorbents can be separated by simple centrifugation due to their insoluble properties in water. As shown in Fig. 7 , in the four cyclic MB tests, the ZnO/CdS@ZIF-8 nanocomposites exhibited an excellent stability with an average MB removal efficiency, and no evident change has taken place for the photocatalytic activity, which indicated good photocatalytic stability of the ZnO/CdS@ZIF-8 nanocomposites. Similarly, the stability and reusability of the ZnO/CdS@ZIF-8 nanocomposites for the RhB photodegradation was investigated, and the results indicated that the excellent stability of ZnO/CdS@ZIF-8 for RhB removal efficiency (Fig. S3 †) .
Photocatalytic degradation mechanism
The adsorption of organic pollutants onto the catalyst and the photoelectron transfer are both important factors for the performance of catalytic degradation of organic pollutants. Generally, photocatalysis is an oxidation process. The organic pollutants photodegradation occurs in the presence of semiconductor photocatalysts, an energetic light source, and an oxidizing agent such as oxygen or air. 40 The illumination of could generate oxidation species such as hydroxyl radicals (cOH), h + and superoxide radical (cO 2À ) which have been reported as the active species in the degradation of pollutant molecules.
41
To investigate the main oxidation species of ZnO/CdS@ZIF-8 nanocomposites, the different scavengers were introduced into the photocatalytic degradation reaction of MB and RhB, which to perform the relative roles of the reactive species and evaluate the photocatalytic mechanism of ZnO/CdS@ZIF-8. Here, the pbenzoquinone (BQ, 10 mM), disodium ethylenediaminetetraacetate (EDTA, 10 mM) and tertiary butanol (t-BuOH, 10 mM) were used as scavengers and added into the reaction system for trapping the specic reactive specie cO
2À
, h + , and cOH, respectively. As shown in Fig. S4A , † the degradation efficiency has a signicant decrease for the photocatalytic degradation of MB when adding the t-BuOH for 120 min visible light irradiation, whereas BQ and EDTA with a slightly inuences. It indicated that cO 2À and cOH were the main active species in the MB photocatalytic degradation process. For RhB photocatalytic degradation process, the degradation efficiency decreased obviously upon the addition of BQ and t-BuOH, while EDTA changed slightly. The result demonstrated that cOH was the main active species in the RhB photocatalytic degradation process. The difference of the active species in the photocatalytic degradation process between MB and RhB may be due to their different energy gaps for electron transition. According to the traditional theory about the photocatalytic degradation of organic pollutants and the above experimental results, a photocatalytic mechanism about ZnO/CdS@ZIF-8 nanocomposites was elucidated in Fig. 8 . Firstly, the organic pollutant molecules are were captured by ZIF onto the ZnO/CdS composites surface where the photocatalytic reaction takes place. It is well accepted that the organic pollutants can be captured by ZIF via three mechanisms: (1) binding to the open metal sites on ZIF; (2) interacting with the functional groups on ZIF; (3) electrostatic interactions with ZIF. The basis of constructing such an unusual nanocomposite was the electrostatic adsorption of Cd based complex ions on the polar surfaces of ZnO substrate. The presence of photoanode in ZnO/CdS nanocomposite signicantly improved the photochemical property. The position of CdS and ZnO bands had type-II alignment where the conduction band (CB) edge of ZnO was located between the CB and the valence band (VB) of CdS. In this conguration, when the electron-hole pairs were generated by visible-light excitation in CdS nanoparticles, the photoelectrons could be transferred to the CB of ZnO, which facilitated the charge separation process of the electron-hole pairs before they recombined. Thus, the photocorrosion induced by oxidation to form the extremely powerful, non-selective, oxidising cOH. The enriched electrons on the CdS could combine with oxygen (O 2 ) in the solution to form cO 2À . The generated cOH and cO
played important role in the photodegradation process, leading to dramatic photocatalytic performance.
Conclusions
In summary, we have successfully synthesized ZnO/CdS@ZIF-8 core-shell nanocomposites and investigated their photocatalytic performance in degradation of organic dyes. The spindle-like ZnO not only acted as the nucleation core but also provided Zn 2+ for the formation of ZIF-8. Various characterizations, including SEM, TEM, EDS, XRD, and XPS, have been performed to conrm their shape, structure, and composition. Compared to pure ZnO/CdS, the presence of ZIF-8 shell in the ZnO/CdS@ZIF-8 contributed signicantly to the enhanced photocatalytic performance in degradation of RhB and MB. Owing to the unique pore structure and absorption capability of ZIF-8, it became much easier for organic molecules to diffuse and interact on the catalyst surface. In particular, when ZnO/ CdS@ZIF-8 was used as the catalyst, the rate constant of photocatalytic degradation of MB and RhB achieved À0.031 min
À1
and À0.018 min À1 , respectively, as compared to that of the reaction using ZnO/CdS as the catalyst (rate constant: À0.021 min À1 and À0.009 min À1 for photocatalytic degradation of MB and RhB, respectively). The synergetic effect proposed in the current report takes advantages of both ZIF and semiconductor materials and could be potentially extended to similar catalytic applications.
